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I N  TRO DUCT I O N  

A t  l i q u i d  hydrogen temperature t h e  s t r o n g e s t  weldable 

aluminum a l l o y s  have y i e l d  s t r eng th  t o  dens i ty  r a t i o s  l e s s  

t han  900,000 (1) (2).  If h igher  s t rength  t o  dens i ty  r a t i o s  

a r e  des i r ed  e i t h e r  t i t an ium a l l o y s  o r  cold r o l l e d  metastable  

s t a i n l e s s  s t e e l s  must be employed. 

Metastable s t a i n l e s s  s t e e l s  cold r o l l e d  s u f f i c i e n t l y  t o  

give -423OF y i e l d  s t r e n g t h  t o  densi ty  va lues  above 1 ,000 ,000  

possess a number of c h a r a c t e r i s t i c s  which make them marginal 

m a t e r i a l s  f o r  use i n  l i q u i d  hydrogen tankage. Thus, a s  pre- 

v ious ly  shown (3) (4) AISI  301 e x h i b i t s  a s u b s t a n t i a l  decrease 

i n  crack to l e rance  as  t h e  temperature i s  reduced from -320 

t o  -423OF. 

a l i t y  of f r a c t u r e  toughness due t o  heavy co ld  r o l l i n g  with 

t h e  t r ansve r se  toughness being r e l a t i v e l y  poor over t h e  

temperature range from +75 t o  -423'F (5) .  Furthermore, welds 

i n  metastable  s t a i n l e s s  s t e e l s  a re  transformed t o  e s s e n t i a l l y  

1 0 0  per  cent  mar tens i te  by very small p l a s t i c  s t r a i n s  a t  -423OF 

Both AISI  301 and 304 s t e e l s  show high  d i r ec t ion -  

and such transformed regions can a c t  as  crack s t a r t e r s .  
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Titanium alloys, l i k e  t h e  s t a i n l e s s  s t e e l s ,  e x h i b i t  a 

decrease i n  crack to l e rance  as t he  t e s t  temperature i s  reduced 

from -320 t o  -423OF. However, i f  t h e  impurity content  is  

s u f f i c i e n t l y  low t h e  annealed a a l l o y ,  5A1-2.5Sn-Ti, has  a 

b e t t e r  r e s i s t a n c e  t o  crack propagation a t  -423OF than  AIS1 

301 a t  t h e  same y i e l d  s t r e n g t h  l e v e l  ( 3 ) .  Addit ional  advantages 

r e s u l t  from t h e  use of t h i s  a l loy  i n  t h e  annealed condi t ion;  

namely, t h e r e  i s  e s s e n t i a l l y  no d i r e c t i o n a l i t y  of t h e  sharp  

notch p r o p e r t i e s ,  and welds have approximately t h e  same 

s t r e n g t h  a s  t h e  parent  metal and are  s t a b l e  a t  low tempera- 

t u r e s .  However, very l i t t l e  is  known regard ing  t h e  inf luence  

of var ious  a l l o y  production and f a b r i c a t i o n  v a r i a b l e s  on t h e  

f r a c t u r e  toughness of SA1-2. SSn-Ti s h e e t  and such knowledge 

is  necessary i n  o rde r  t o  permit r a t i o n a l  hardware design. 

The o b j e c t  of t h e  present  i nves t iga t ion  was t o  determine 

t h e  inf luence  of t h e  fol lowing a l loy  production and f a b r i c a t i o n  

v a r i a b l e s  on t h e  smooth and sharp  notch s t r e n g t h  of 5A1-2.5Sn-Ti 

shee t :  (1) s h e e t  th ickness ;  (2) small amounts of cold r o l l i n g  

such a s  might be appl ied i n  f l a t t e n i n g ;  (3) s t r e t c h i n g  i n  uni- 

a x i a l  t e n s i o n ;  (4) cool ing  r a t e  from t h e  anneal ing temperature;  

and (5) fu s ion  welding. 

1 >.e - 
Inves t iga t ions  of s h e e t  tf i ickness 

involved t e s t s  over a range of low temperatures  / '  on ma te r i a l  

a t  t h r e e  i n t e r s t i t i a l  l e v e l s .  The majori ty  of t h e  remaining 

v a r i a b l e s  were s tud ied  a t  -423'F using a low i n t e r s t i t i a l  com- 

p o s i t i o n  t y p i c a l  of t h a t  which might be s p e c i f i e d  f o r  l i q u i d  

hydrogen s e r v i c e .  

MATERIAL 

Four h e a t s  of 5A1-2.5Sn-Ti were i n v e s t i g a t e d  having t h e  

compositions shown i n  Table I. The h e a t s  designated as  normal 

i n t e r s t i t i a l  had impurity contents  t y p i c a l  of commercial grade 

a l l o y .  The remaining two h e a t s  were produced by using a low 

hardness  sponge with no sc rap  addi t ions .  These a r e  designated 

as  low i n t e r s t i t i a l  I and low i n t e r s t i t i a l  11. The f i r s t  was 
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an experimental  hea t  and t h e  second a commercial h e a t  produced 

t o  General Dynamics/Astronautics s p e c i f i c a t i o n  No. ES 0-71010. 

This s p e c i f i c a t i o n  was designed t o  l i m i t  t h e  i n t e r s t i t i a l  and 

i r o n  content  t o  t h e  lowest va lues  cons i s t en t  with reasonable 

production c o s t s .  Both of t h e  low i n t e r s t i t i a l  h e a t s  had 

c l o s e l y  matching impurity conten ts  wi th  t h e  except ion of 

n i t rogen  and hydrogen, which were s i g n i f i c a n t l y  h igher  i n  

t h e  commercial h e a t  (low i n t e r s t i t i a l  PI ) .  

A s  i nd ica t ed  i n  Table I a l l  sheet-was given a 1500°F 

anneal i n  e i t h e r  vacuum o r  argon and furnace cooled. Mater ia l  

annealed i n  t h e  au thors '  l abora tory  had previously received 

lower temperature anneal ing a t  t h e  m i l l  which i n  some cases  

d id  no t  e n t i r e l y  remove a l l  evidences of cold work. It is  t o  

be noted t h a t  a f t e r  t h e  anneal ing t rea tments  of Table I ,  t h e  

micros t ruc ture  showed no evidence of co ld  work. A t y p i c a l  

example i s  given i n  Figure 1 which shows equiaxed g ra ins  

c h a r a c t e r i s t i c  of anneal ing below t h e  f3 t r a n s u s .  

PROCEDURE 

The ma te r i a l  condi t ions  and v a r i a b l e s  inves t iga t ed  a r e  

o u t l i n e d  i n  Table 11. D e t a i l s  of t h e  r o l l i n g ,  s t r e t c h i n g  and 

welding procedures a r e  given i n  the Appendix. Sharp edge notch 

t e s t s  were used t o  e s t a b l i s h  t h e  inf luence of t h e  va r ious  mate- 

r i a l  condi t ions  on t h e  f r a c t u r e  c h a r a c t e r i s t i c s  a t  cryogenic 

temperature.  The fol lowing sec t ion  presents  d e t a i l s  concerning 

specimen prepara t ion  and t e s t i n g  proceaure a s  we l l  a s  t h e  method 

of p re sen t ing  t h e  da ta .  

Specimen Preparat ion and Tes t ing  

The smooth and sharp  edge notch t ens ion  specimens a r e  

shown i n  Figure 2 .  D e t a i l s  regarding t h e  design and prepara t ion  

of sharp-edge notch t ens ion  specimens f o r  sc reening  purposes a r e  

descr ibed  i n  a r e p o r t  of t h e  ASTM Committee on t h e  Frac ture  Test-  

i n g  of High St rength  Sheet Mater ia ls  (6 ) .  The notch specimen 
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employed i n  t h i s  i nves t iga t ion  i s  b a s i c a l l y  that  descr ibed 

by t h e  ASTM Committee, except t h a t  notch r a d i i  were he ld  t o  

0 .0005 inch maximum ins t ead  of the 0.001 inch mentioned i n  

t h e  Committee r epor t .  With t h e  exception of t h e  welded 

samples, machining f o r  both smooth and notch specimens was 

confined t o  t h e  shee t  edges,  s ince  pressure v e s s e l s  a r e  not  

normally sub jec t  t o  sur face  machining. Weld samples had 

t h e i r  weld bead machined f l u s h  with t h e  adjacent  shee t .  

This does not  coincide with commercial p rac t i ce  i n  t h e  

f a b r i c a t i o n  of component hardware but  was necessary t o  

determine t h e  p rope r t i e s  of t he  weldment i t s e l f .  

D e t a i l s  of t h e  room temperature t e s t i n g  procedure fo l low 

ASTM recommendations ( 6 ) .  Tes t s  a t  low temperature employed 

e s s e n t i a l l y  t h e  same techniques except t h a t  t h e  specimen was 

surrounded by an in su la t ed  can conta in ing  a co ld  f l u i d .  For  
t e s t s  a t  -423OF l i q u i d  hydrogen was used, a t  -32OoF l i q u i d  

n i t rogen ,  and a t  -llO°F a mixture  of dry i c e  and e t h y l  a lcohol  

Data Presenta t ion  

While Table I1 gives  a l l  condi t ions inves t iga t ed ,  no t  

a l l  of t h e  corresponding da ta  i s  reported i n  t h i s  paper b u t , r a t h e r ,  

an attempt has  been made t o  i l l u s t r a t e  t y p i c a l  behaviors .  

I n  r ep resen t ing  sharp notch data  both t h e  conventional notch 

The s t r e n g t h  and t h e  nominal f r a c t u r e  toughness (Ken) a r e  shown. 

va lues  were ca l cu la t ed  by methods ou t l ined  previously (6) 

with t h e  except ion t h a t  t h e  crack length a t  uns tab le  f r a c t u r e  

has  been assumed equal t o  t h e  o r i g i n a l  t o t a l  notch l eng th  (e .g .  , 
2a = 0.30 inch) .  The r e s u l t i n g  nominal f r a c t u r e  toughness i s  a 

riiinimum value  t h a t  i s  always l e s s  than t h e  t r u e  value i f  slow 

crack ex tens ion  occurs.  As pointed ou t  by Srawley (7)  t h e  use 

of nominal va lues  has  some mer i t  s ince they l e a d  t o  a more con- 

s e r v a t i v e  eva lua t ion  of t h e  a l loy  than do t h e  t r u e  va lues .  This 

conservatism i s  d e s i r a b l e  because the re  i s  no known way of pre- 

d i c t i n g  t h e  slow growth of a crack i n  a component when ope ra t ing  

loads  a r e  appl ied .  The p e r  cen t  shear  has  a l s o  been repor ted  i n  
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a few cases .  This was determined from measurements made a t  

o r  near  t h e  long i tud ina l  cen te r l ine  of t h e  specimen. 

INFLUENCE OF TEST TEMPERATURE AND SHEET THICKNESS 

The behavior of t i t an ium a l loys  a t  low temperatures has  

been summarized by Holden e t  a1 (8) who point  ou t  t h a t  low 

temperature b r i t t l e n e s s  i s  increased by a high content  of t h e  

i n t e r s t i t i a l  elements carbon, oxygen, n i t rogen  and hydrogen. 

For t h i s  reason most spec i f i ca t ions  l i m i t  t h e  i n t e r s t i t i a l  

element conten t  of t i t an ium a l loys  t o  va lues  presumably low 

enough t o  avoid s i g n i f i c a n t  embrittlement. However, i n  a 

previous NASA inves t iga t ion  (3) it  was shown t h a t  t h e  -423OF 
f r a c t u r e  toughness of 5Al-2.33-Ti s h e e t  could be s i g n i f i c a n t l y  

improved by f u r t h e r  reducing t h e  conteht of i n t e r s t i t i a l  elements 

below t h a t  normally s p e c i f i e d  f o r  cammercial grade a l loy .  The 

corresponding l o s s  i n  smooth t e n s i l e  s t r e n g t h  was r e l a t i v e l y  

small  and -423OF y i e l d  s t r e n g t h  t o  dens i ty  r a t i o s  w e l l  above 

1 ,200 ,000  were achieved. Several  o t h e r  i n v e s t i g a t o r s ,  notably 

Schwartzberg and Keys (9) and Chr is t ian  e t  a 1  (10) have r ecen t ly  

published shee t  t e n s i l e  da t a  showing t h e  inf luence of i n t e r s t i t i a l s  

on t h e  cryogenic notch p rope r t i e s .  These i n v e s t i g a t i o n s  were 

made us ing  mildly notched specimens and t h e  r e s u l t s  a r e  t h e r e f o r e  

not  d i r e c t l y  comparable with those obtained i n  previous NASA 

i n v e s t i g a t i o n s .  However, t h e  m i l d  notch da ta  does show a 

d e f i n i t e  i nc rease  i n  notch s e n s i t i v i t y  a s  t h e  i n t e r s t i t i a l  

conten t  i s  r a i s e d .  Chr i s t i an  a l so  presents  a l i m i t e d  amount 

of d a t a  on t h e  inf luence  of i r o n  which i n d i c a t e s  t h i s  element 

may a l s o  have an e m b r i t t i i n g  e f f e c t .  

No da ta  e x i s t s  concerning the  e f f e c t s  of th ickness  on the  

f r a c t u r e  c h a r a c t e r i s t i c s  of t i tanium a l l o y s  a t  low temperature.  

However, a t h i ckness  e f f e c t  might be expected from t h e  behavior 

of high s t r e n g t h  a l l o y s  t e s t e d  a t  room temperature (11) ( 1 2 ) .  

Thus, t h e  range of very low thicknesses  a r e  charac te r ized  by 

f u l l  shea r  f r a c t u r e s  and increas ing  f r a c t u r e  toughness with 
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i nc reas ing  th ickness .  This behavior i s  apparent ly  r e l a t e d  t o  

t h e  f a c t  t h a t  t h e  crack t i p  p l a s t i c  zone f o r  a f u l l  shea r  

f r a c t u r e  tends  t o  extend an amount propor t iona l  t o  the shee t  

t h i ckness .  As t h e  th ickness  f u r t h e r  i nc reases  t h e  f r a c t u r e  

toughness passes through a maximum and decreases  r a t h e r  

r ap id ly  i n  a narrow range of thicknesscand eventua l ly  reaches 

t h e  value c h a r a c t e r i s t i c  of plane s t r a i n  f r a c t u r e .  This t r a n s i -  

t i o n  behavior i n  terms of thickness  has  been descr ibed  i n  d e t a i l  

elsewhere (11) (12)  and i s  assoc ia ted  with r a p i d l y  developing 

l a t e r a l  c o n s t r a i n t  a s  t h e  th ickness  begins  t o  exceed about 

twice t h e  crack t i p  p l a s t i c  zone rad ius .  

The fo l lowing  s e c t i o n  w i l l  present results i l l u s t r a t i n g  

how t h e  e f f e c t  of t e s t  temperature on t h e  smooth and sharp  

notch p rope r t i e s  i s  modified by the  i n t e r s t i t i a l  l e v e l .  I n  

add i t ion ,  t h e  e f f e c t s  of th ickness  on t h e  f r a c t u r e  p rope r t i e s  

a t  t h r e e  i n t e r s t i t i a l  l e v e l s  w i l l  be shown f o r  tests a t  -423OF. 

E f f e c t  of T e s t  Temperature 

Typical examples of t h e  inf luence of t e s t  temperature on 

t h e  smooth and sharp-edge notch s t r eng th  of a low and normal 

i n t e r s t i t i a l  a l l o y  a r e  shown i n  Figures  3a and 3b r e spec t ive ly  

f o r  1/16 inch t h i c k  shee t .  The smooth s t r e n g t h  va lues  a t  both 

i n t e r s t i t i a l  l e v e l s  e x h i b i t  t h e  pronounced temperature depend- 

ence c h a r a c t e r i s t i c  of t i t an ium a l loys .  As might be expected, 

t h e  smooth t e n s i l e  and y i e l d  s t r eng ths  of t h e  normal i n t e r s t i t i a l  

m a t e r i a l  a r e  somewhat h igher  than  those f o r  t h e  low i n t e r s t i t i a l  

a l l o y .  This d i f f e r e n c e ,  however, is less than  1 0  p e r  cen t  over 

t h e  temperature range inves t iga t ed .  For both a l l o y s  no p r a c t i c a l  

s i g n i f i c a n t  d i f f e rence  was observed i n  smooth s t r e n g t h  va lues  

between l o n g i t u d i n a l  and t r ansve r se  tests.  
I n  c o n t r a s t  t o  t h e  behavior of smooth specimens, t h e  sharp 

notch s t r e n g t h  t r e n d  with t e s t  temperature i s  d i f f e r e n t  f o r  t h e  

two i n t e r s t i t i a l  l e v e l s .  Thus, a rapid decrease ( t r a n s i t i o n )  i n  

notch s t r e n g t h  with decreasing temperature is observed f o r  t h e  
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low i n t e r s t i t i a l  a l l o y  below -32OoF, while t h i s  t r a n s i t i o n  occurs 

a t  a much h igher  temperature (approximately -150OF) f o r  t h e  normal 

i n t e r s t i t i a l  shee t .  Within t h e  range of t h i ckness  inves t iga t ed  

t h e  notch s t r e n g t h  t r a n s i t i o n  temperature inc reases  with increas-  

i n g  th ickness  f o r  t h e  normal i n t e r s t i t i a l  a l l o y  bu t  appears t o  

be e s s e n t i a l l y  independent of th ickness  f o r  t h e  low i n t e r s t i t i a l  

ma te r i a l .  

Inf luence of Sheet Thickness 

The inf luence of shee t  th ickness  on t h e  f r a c t u r e  charac te r -  

i s t i c s  a t  -423OF is shown i n  Fig.  4 f o r  m a t e r i a l  a t  t h r e e  i n t e r -  

s t i t i a l  l e v e l s .  Smooth s t r e n g t h  values  f o r  a given composition 

were e s s e n t i a l l y  independent of thickness .  The y i e l d  s t r e n g t h  

l e v e l s  f o r  Low I n t e r s t i t i a l  I ,  Low I n t e r s t i t i a l  I1 and Normal 

I n t e r s t i t i a l  s h e e t  were 202,000, 212,000 and 230,000 p s i  respec- 

t i v e l y  . 
The genera l  effect  of th ickness  conforms t o  t h a t  previously 

observed i n  room temperature t e s t s  i n  t h a t  t h e  notch t o  y i e l d  

s t r e n g t h  r a t i o  and t h e  nominal f r a c t u r e  toughness f i rs t  increase  

wi th  an increase  i n  th i ckness  t o  a maximum va lue  and then  e x h i b i t  

a decrease i n  a r a t h e r  narrow th ickness  range. A corresponding 

t r a n s i t i o n  i n  f r a c t u r e  appearance (per  cent  shear )  with increas ing  

th i ckness  occurs and t h i s  i s  more pronounced than  t h a t  observed 

i n  f r a c t u r e  toughness. 

I t  w i l l  be noted t h a t  t h e  magnitude of t h e  th i ckness  e f f e c t  

i s  considerably inf luenced by t h e  i n t e r s t i t i a l  element conten t .  

It would appear t h a t  t he  t r a n s i t i o n  th i ckness  i s  s h i f t e d  downward 

with an increase  i n  i n t e r s t i t i a l s .  Furthermore, a t  th icknesses  

above t h e  t r a n s i t i o n  range a l l  t h ree  f r a c t u r e  parameters shown i n  

F ig .  4 a r e  lowered w i t h  i nc reas ing  i n t e r s t i t i a l  element conten t .  

P a r t i c u l a r  a t t e n t i o n  should be given t o  t h e  f r a c t u r e  appearance 

curve f o r  normal i n t e r s t i t i a l  shee t  which shows a r ap id ly  developing 

embri t t lement  between 0.050 and 0.125 inch th i ckness .  I n  f a c t ,  t h e  

0.125 inch  s h e e t  e x h i b i t s  a near ly  f l a t  f r a c t u r e  and it might be 
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expected t h a t  crack propagation i n  s h e e t  of t h i s  th ickness  and 

g r e a t e r  would be con t ro l l ed  by the plane s t r a i n  toughness. 

INFLUENCE OF STRETCHING AND ROLLING 

Titanium shee t  a l loys  a re  commonly subjec ted  t o  s t r e t c h i n g  

i n  var ious  f a b r i c a t i o n  procedures. However, with t h e  exception 

of f l a t t e n i n g  passes sometimes given a f t e r  f i n a l  anneal ing,  cold 

r o l l i n g  of t i t an ium a l loys  i s  not  a normal p rac t i ce .  

There i s  considerable  da ta  (14) showing t h e  inf luence  of 

moderate s t r e t c h i n g  (up t o  5 per cent) on t h e  room temperature 

t e n s i l e  p rope r t i e s  of t i t an ium a l loy  shee t .  For  a a l l o y s  and 

annealed a + f3 a l l o y s  t h e  t e n s i l e  y i e l d  s t r e n g t h  is  increased  

only a small  amount by t h e  f i r s t  few per cent  s t r e t c h i n g  and 

then does not  change with f u r t h e r  s t r e t c h i n g .  Gei l  and Carwile 

(15) r e p o r t  t h a t  room temperature p re s t r e t ch ing  (up t o  1 2  per 

cent)  of ba r  s tock  d id  no t  a f f e c t  t h e  -32OoF smooth o r  m i l d  

notch s t r e n g t h  of pure t i t an ium but markedly reduced t h e  -32OoF 

notch s t r e n g t h  of 4Al-4Mn-Ti without a corresponding increase  

i n  smooth s t r eng th .  I n  a study of 0.41N-Titanium, Rip l ing  (16) 

found an improvement i n  room temperature d u c t i l i t y  of sharply 

notched b a r s  with p r e s t r a i n s  up t o  6 per cent  but  an e m b r i t t l i n g  

e f f e c t  a t  h igher  p r e s t r a i n s .  Recently Chr i s t i an  e t  a1  (10) 

repor ted  t h a t  s t rengthening  with no accompanying m i l d  notch 

embrit t lement a t  -423OF i s  associated w i t h  double rad ius  s t r e t c h  

forming of 5A1-2.5Sn-Ti shee t .  However, no experimental d e t a i l s  

=dj~#+B a r e  provided. 

Petunina and Poplavskaya (13)  i nves t iga t ed  t h e  inf luence  of 

co ld  r o l l i n g  up t o  30 per cent  on the room temperature t e n s i l e  

and bend p rope r t i e s  of a 3A1-2V-Ti shee t  a l l o y .  Reductions up 

t o  about 20 per cent  produced s i g n i f i c a n t  increases  (approx. 20 

per  cen t )  i n  t e n s i l e  y i e l d  s t r eng th ,  bu t  r ap id  l o s s  i n  e longat ion ,  

reduct ion  of a rea  and bend angle.  The da ta  f o r  30 per cent  

r educ t ion  i n d i c a t e  a decrease i n  the r a t e  of change of t hese  

p r o p e r t i e s  f o r  r o l l i n g  beyond about 20 per cent .  
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Chr i s t i an  e t  a1  (10) r e p o r t  s i m i l a r  behavior  f o r  5Al-2.591-Ti 

shee t  r o l l e d  up t o  50 per  cent .  Reductions u p  t o  1 0  p e r  cen t  

produce an inc rease  i n  s t r e n g t h  of about 20 per  cen t  a t  room 

temperature and 1 0  per cent  a t  -423OF. 

no f u r t h e r  s i g n i f i c a n t  s t r e n g t h  increase a t  e i t h e r  temperature.  

M i l d  notch da ta  ind ica t ed  t h a t  t w o  h e a t s  exh ib i t ed  b r i t t l e n e s s  

a t  -423 F f o r  reduct ions  i n  excess of 1 0  p e r  cen t .  A t h i r d  hea t  

with lower i n t e r s t i t i a l  conten t  showed no embrit t lement f o r  

reduct ions  up t o  20 p e r  cen t .  

Heavier r o l l i n g  produced 

0 

From t h e  above review of published r e s u l t s  it would be 

expected t h a t  moderate amounts of s t r e t c h i n g  or r o l l i n g  would 

n o t  produce l a r g e  s t r e n g t h  increases  i n  cx t i t an ium a l l o y s  a t  

cryogenic temperatures  and t h a t  the e f f e c t  of  t h e s e  v a r i a b l e s  

on t h e  f r a c t u r e  p rope r t i e s  would depend i n  l a r g e  p a r t  on t h e  

composition. The present  study was designed t o  explore  t h e  

inf luence  of s t r e t c h i n g  up t o  a value h ighe r  t han  normally 

encountered during f a b r i c a t i o n  and t o  determine t h e  effects  of 

small  reduct ions  by r o l l i n g  on t h e  -423OF smooth and sharp  notch 

p rope r t i e s  of low i n t e r s t i t i a l  shee t .  

Resul t s  for St re t ch ing  

The r e s u l t s  f o r  t h r e e  i n i t i a l  th icknesses  of low i n t e r s t i t i a l  
0 s h e e t  t e s t e d  a t  -423 F a r e  given i n  Fig.  5 a s  a func t ion  of per 

c e n t  s t r e t c h i n g .  I t  is important t o  note  t h a t  t h e  s o l i d  and open 

poin ts  do no t  r e f e r  t o  long i tud ina l  and t r a n s v e r s e  i n  t h e  sense 

used i n  o the r  f i g u r e s  but  r e f e r  t o  t h e  d i r e c t i o n  of s t r e t c h i n g  

wi th  r e spec t  t o  t h e  o r i g i n a l  s h e e t  r o l l i n g  d i r e c t i o n .  A l l  specimens 

were t e s t e d  i n  t h e  s t r e t c h i n g  d i r e c t i o n  ( see  Appendix). The smooth 

strerigth,  Fig.  Sa, i s  shown only f o r  0.025 inch t h i c k  s h e e t ,  s ince  

t h e  o t h e r  t h i cknesses  inves t iga t ed  exh ib i t ed  e s s e n t i a l l y  i d e n t i c a l  

t r e n d s .  The t e n s i l e  and y i e l d  s t r eng ths  a r e  increased  about 1 0  per 

cen t  by s t r e t c h i n g  1 2  per  cen t .  Additional s t r e t c h i n g  would not  

appear t o  produce a f u r t h e r  increase i n  s t r e n g t h .  

The inf luence  of s t r e t c h i n g  on the notch s t rength ,F ig .  5a,and 

f r a c t u r e  toughness, Fig.  5 4  depends on t h e  i n i t i a l  t h i ckness .  Thus, 
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t h e  0.060 inch t h i c k  sheet' is  unaffected by s t r e t c h i n g  while both 

t h e  0.025 and 0.010 inch t h i c k  shee t  e x h i b i t  a d e f i n i t e  improvement 

i n  f r a c t u r e  p rope r t i e s  i n  t h e  range of small  s t r e t c h i n g  s t r a i n s .  

The authors  have no explanat ion f o r  t h i s  e f f e c t  s i n c e ,  a s  w i l l  be 

mentioned l a t e r ,  no improvement i n  nominal f r a c t u r e  toughness i s  
noted due t o  p r e s t r a i n i n g  equivalent  amounts by co ld  r o l l i n g .  

Resul t s  f o r  Rol l ing  

The r e s u l t s  f o r  0.025 inch low i n t e r s t i t i a l  s h e e t  t e s t e d  a t  

-423OF a r e  shown i n  Fig.  6 as  a func t ion  of reduct ion  by r o l l i n g .  

E s s e n t i a l l y  i d e n t i c a l  behavior was observed f o r  0.010 inch t h i c k  

shee t .  The t e n s i l e  and y i e l d  s t r eng ths  inc rease  wi th  per cent  

reduct ion  and reach a cons tan t  value between 6 and 1 0  p e r  cen t  

reduct ion.  The e l eva t ion  i n  t e n s i l e  s t r e n g t h  is approximately 

1 0  per cen t  while t h e  y i e l d  s t r eng th  inc reases  7 p e r  cen t .  The 

notch s t r e n g t h  and f r a c t u r e  toughness a r e  unaf fec ted  over the 

range of r o l l i n g  reduct ions  inves t iga ted .  

ANNEALING TREATMENT 

The occurance of o rde r ing  r eac t ions  i n  t h e  titanium-aluminum 

system is wel l  known. Maykuth e t  a1 (17)  have summarized a number 

of i n v e s t i g a t i o n s  of t h e  T i - A 1  binary diagram and show t h e  presence 

of an ordered a2 (assumed t o  be T i3Al )  phase f i e l d  i n  t h e  range of 

low aluminum content .  The lower composition boundry of t h i s  phase 

a t  1022OF is  f i x e d  by t h e  da t a  of Crossley and Carew (18) a t  6 

weight p e r  cen t  aluminum or lower .2  

presence of an ordered a phase could adversely a f f e c t  t h e  f r a c t u r e  

It  might be expected t h a t  t h e  

2 

'. This  th i ckness  s h e e t  was m i l l  l i n e  annealed a t  1400°F and a i r  
cooled. The -025 and -010 inch s h e e t  were reannealed a t  t h e  
NASA according t o  Table I. 

A r e c e n t  study by Clark e t  a1 (20) has  modified t h i s  diagram 
f o r  compositions greoater t han  7.8 weight per cen t  aluminum a t  
temperatures  of 1200 F and above. 
do no t  he lp  e s t a b l i s h  t h e  a2 boundry a t  temperatures  below 1000 F. 

2. 

However, t h e s e  modif icat ionso 
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prope r t i e s  of t i t an ium a l loys .  Thus, da t a  developed by Titanium 

Metals Corporation of America (19) show t h e  f r a c t u r e  toughness 

of mi l led  annealed (furnace cooled) 8A1-1Mo-1V-Ti shee t  t o  be 

increased about 7 5  per cent  by a very s h o r t  reanneal followed 

by a i r  cool ing.  This increase  i n  f r a c t u r e  toughness i s  l i k e l y  

due t o  t h e  absence of t h e  ordered phase i n  t h e  a i r  cooled mate- 

r i a l .  

This por t ion  of t h e  present  i nves t iga t ion  was designed t o  

determine whether o r  not  t h e  cool ing r a t e  from t h e  anneal ing 

temperature would a f f e c t  t h e  cryogenic f r a c t u r e  p rope r t i e s  of 

5A1-2.5Sn-Ti a l l o y  shee t .  Specimens of var ious  th icknesses  of 

Low I n t e r s t i t i a l  I1 shee t  were "a i r  cooled" from t h e  anneal ing 

temperature.  This was accomplished by removing t h e  sea l ed  

a rgon- f i l l ed  specimen conta iner  from t h e  furnace and allowing 

it t o  cool  i n  s t i l l  a i r .  The f r a c t u r e  p rope r t i e s  of a i r  cooled 

specimens a r e  compared i n  F i g .  8 with those of specimens given 

t h e  usua l  furnace cool.  This l a t t e r  cool ing r a t e  corresponds 

t o  t h a t  which might be encountered i n  a m i l l  vacuum anneal.  

The smooth t e n s i l e  p rope r t i e s  were e s s e n t i a l l y  i d e n t i c a l  f o r  

t h e  two cool ing  r a t e s .  However, the  sharp  notch behavior was 

q u i t e  d i f f e r e n t  i n  t h e  range of t h i c k e r  shee t .  Thus, t h e  

nominal f r a c t u r e  toughness of shee t  equal  t o  o r  g r e a t e r  t han  

0.060 inch is increased about 50 per cen t  by a i r  cool ing.  

WELDING 

There is  apparent ly  no published information concerning t h e  

behavior  of a - t i t an ium weldments in  t h e  presence of sharp  notches.  

I n  t h e  present  i nves t iga t ion ,  sharp notch p rope r t i e s  were de t e r -  

mined f o r  welded 5A1-2.5Sn-Ti a l loy  s h e e t  a t  two i n t e r s t i t i a l  

l e v e l s .  Poss ib le  a reas  of ernbrittlement due t o  welding were 

f i r s t  explored through c a r e f u l  metal lographic  examination of 

t h e  fus ion  and hea t  a f f ec t ed  zones and Vickers hardness surveys 

of a s e c t i o n  through t h e  weld and perpendicular  t o  t h e  shee t  

su r f ace .  Resul t s  t y p i c a l  f o r  a l l  shee t  a r e  i l l u s t r a t e d  i n  Figure 7 
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which shows t h e  hardness d i s t r i b u t i o n  along seve ra l  l o c a t i o n s  

through t h e  th ickness  a s  w e l l  as the  micros t ruc ture  of t h e  welded 

shee t .  The hardness survey ind ica t e s  only random v a r i a t i o n s  from 

t h e  base metal  t o  t h e  weld cen te r l ine .  Examination of t h e  micro- 

s t r u c t u r e  r evea l s  very l a r g e  ac i cu la r  g ra ins  i n  t h e  weld fus ion  

zone a s  t h e  only i d e n t i f i a b l e  region of poss ib l e  embrit t lement.  

Thus, on t h e  b a s i s  of t hese  observations t h e  notch was loca ted  

a t  t h e  weld c e n t e r l i n e .  

a t  room temperature and -423OF are  shown i n  Table I11 f o r  0.025 

normal and low i n t e r s t i t i a l  shee t  a s  wel l  a s  t h e  -423OF p rope r t i e s  

f o r  0.125 inch normal i n t e r s t i t i a l  ma te r i a l .  I n  add i t ion ,  t h e  

corresponding p rope r t i e s  of t h e  base metal a r e  given f o r  t h e  

purpose of comparison. It  should be noted t h a t  t h e  des igna t ion  

l o n g i t u d i n a l  and t r ansve r se  can properly be appl ied  only t o  t h e  

base metal  p rope r t i e s  s ince  t h e  weld metal  should be e s s e n t i a l l y  

Ron-directiGnal. 

The smooth and sharp notch proper t ies  of welded specimens 

According t o  Table I11 t h e r e  i s  very l i t t l e  d i f f e rence  

between t h e  smooth and notch proper t ies  of weld metal  and t h a t  

of t h e  parent  p l a t e .  Thus, t h e  higher smooth s t r e n g t h  and lower 

toughness of t h e  normal a s  compared with low i n t e r s t i t i a l  shee t  

is  r e f l e c t e d  i n  welds made i n  these a l l o y s .  

PRACTICAL SIGNIFICANCE OF RESULTS 

The previous s e c t i o n s  have described t h e  e f f e c t  of c e r t a i n  

m a t e r i a l  production and f a b r i c a t i o n  v a r i a b l e s  on t h e  -423OF 

smooth and sharp  notch p rope r t i e s  o f  5Al-2.5Sn-Ti shee t  a l loy .  

No c la im is made t o  have def ined o r  i nves t iga t ed  a l l  important 

v a r i a b i e s  i n  e i t h e r  category. However, on t h e  b a s i s  of t h e  

r e s u l t s  presented it is  poss ib le  t o  make c e r t a i n  observat ions 

of p r a c t i c a l  i n t e r e s t  t o  t h e  producers and u s e r s  of t i t an ium 

a l loys .  
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Alloy Production Variables  

Alloy production v a r i a b l e s  included i n  t h i s  study were 

shee t  th ickness ,  i n t e r s t i t i a l  l e v e l ,  cold r o l l i n g  and annealing 

t r e  atmen t . 
The e f f e c t s  of shee t  thickness  and i n t e r s t i t i a l  l e v e l  on 

t h e  f r a c t u r e  toughness a r e  i n t e r r e l a t e d .  Thus, t h e  th ickness  

range i n  which t h e  toughness e x h i b i t s  a t r a n s i t i o n  (see Fig.  4) 

i s  s h i f t e d  t o  t h i c k e r  gages by a reduct ion i n  i n t e r s t i t i a l  conten t .  

This behavior i n d i c a t e s  t h a t  t h e  need f o r  low i n t e r s t i t i a l  mate- 

r i a l  becomes more c r i t i c a l  a s  t h e  s e c t i o n  s i z e  increases .  I t  i s  

poss ib le  t h a t  add i t iona l  toughness i n  t h i c k  s h e e t  and i n  heavier  

s e c t i o n s  can be gained by f u r t h e r  reduct ions i n  t h e  i n t e r s t i t i a l  

conten t  below t h a t  designated as  "low" by present  commercial 

s tandards .  This observat ion i s  based on t h e  behavior of only 

two h e a t s  (compare Low I and Low I1 i n  Fig.  4) bu t  recognizes 

t h e  f a c t  t h a t  i n t e r s t i t i a l  elements i n  extremely small  q u a n t i t i e s  

can inf luence  t h e  f r a c t u r e  c h a r a c t e r i s t i c s .  The small  l o s s  i n  
smooth t e n s i l e  and y i e l d  s t r e n g t h  a t  cryogenic temperatures 

caused by reduct ions i n  t h e  i n t e r s t i t i a l s  a r e  f a r  outweighed by 

t h e  inc rease  i n  crack propagation r e s i s t ance .  

It is  t h e  au tho r s '  opinion t h a t  f u r t h e r  progress i n  reducing 

t h e  i n t e r s t i t i a l  ( o r  o the r  impurity) embrit t lement of t i t an ium 

a l l o y s  cannot be made without sys temat ica l ly  s tudying t h e  ind iv idua l  

e f f e c t s  of t h e  va r ious  elements.* Such s t u d i e s  would permit 

* Odgen and J a f f e e  (21) proposed an oxygen equiva len t  e f f e c t  f o r  
t h e  inf luence of i n t e r s t i t i a l s  on t h e  t e n s i l e  p rope r t i e s  of 
pure t i t an ium,  and Schwartzberg and Keys (9) have appl ied t h i s  
t o  r ep resen ta t ions  of notch data  f o r  5Al-2. SSn-Ti a t  cryogenic 
temperatures.  Unfortunately t h e  v a r i a t i o n s  i n  i n t e r s t i t i a l  
l e v e l s  f o r  any one notch specimen type a r e  not  s u f f i c i e n t  t o  
e s t a b l i s h  t h e  usefu lness  of t h i s  r e l a t i o n .  I t  i s  a l s o  t o  be 
noted t h a t  K l i e r  and Feola (22) attempted t o  e s t a b l i s h  t h e  
independent e f f e c t s  of t h e  i n t e r s t i t i a l s  on 5A1-2.5Sn-Ti ba r  
s t o c k  us ing  sharp ly  notched round ba r s .  However, due t o  
va r ious  experimental  d i f f i c u l t i e s  t h e  da t a  was not  s u i t e d  f o r  
t h e  intended purpose. 
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d e f i n i t i o n  of a reasonable goal  i n  terms of des i r ed  p rope r t i e s  

and f u r n i s h  some ind ica t ion  of the f e a s i b i l i t y  of achieving 

t h i s  goal  i n  commercial production. 

The cold r o l l i n g  r e s u l t s  a r e  very encouraging i n  t h a t  small  

amounts of reduct ion (up t o  1 0  per cent)  produce a s l i g h t  increase  

i n  smooth s t r e n g t h  with no l o s s  i n  nominal f r a c t u r e  toughness. 

Thus, it may be concluded t h a t  normal roll f l a t t e n i n g  opera t ions  

a f t e r  f i n a l  anneal ing would have no d e l e t e r i o u s  e f f e c t .  Other 

i n v e s t i g a t o r s  have shown t h a t  s u b s t a n t i a l  i nc reases  i n  room 

temperature s t r e n g t h  a r e  poss ib le  with h igher  reduct ions.  How- 

ever ,  t h e r e  is  no da ta  ava i l ab le  concerning assoc ia ted  changes 

i n  t h e  f r a c t u r e  p rope r t i e s .  I t  should be noted t h a t  i n  a pre- 

v ious  publ ica t ion  (3) by one of t he  present  au thors ,  da ta  was 

presented f o r  5A1-2.5Sn-Ti s h e e t  r o l l e d  1 9  per  cent  and t e s t e d  

a t  -423OF. The sharp  notch s t r eng th  of t h i s  a l l o y  was reduced 

below t h a t  of t h e  annealed mater ia l  and on t h i s  b a s i s  it was 

recommended t h a t  a t i t an ium not  be co ld  r o l l e d .  Re-examination 

of t h e  cold r o l l e d  specimens and sheet  s tock  ind ica t ed  sur face  

c racking ,  judged t o  be of s u f f i c i e n t  magnitude t o  expla in  t h e  

d e l e t e r i o u s  e f f e c t s  of r o l l i n g .  Surface cracking is  d i f f i c u l t  

t o  avoid i n  cold r o l l i n g  t h i s  a l loy  and p a r t i c u l a r  care  must be 

used t o  in su re  complete r e c r y s t a l l i z a t i o n  during intermediate  

anrie a1  s . 
The r e s u l t s  of t h e  anneal ing t reatment  study ind ica t e  t h a t  

t h e  ordered a2 phase may e x i s t  i n  t he  5A1-2.5Sn-Ti a l loy  a t  

room temperature.  S u b s t a n t i a l  increases  i n  t h e  nominal f r a c t u r e  

toughness a t  -423OF apparent ly  can be obtained by a i r  cool ing 

r a t h e r  than  furnace cool ing from the anneal ing temperature.  

Fabr ica t ion  Variables  

The two f a b r i c a t i o n  v a r i a b l e s  s tud ied  were u n i a x i a l  s t r e t c h -  

i n g  and fus ion  welding without f i l l e r .  S t r e t c h i n g  (up t o  1 6  per 

cen t )  increased t h e  -423OF smooth s t r eng th  s l i g h t l y  and had no 

de t r imen ta l  e f f e c t  on t h e  nominal f r a c t u r e  toughness of low 
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i n t e r s t i t i a l  shee t .  I n  f a c t ,  t h e  toughness of t h i n  gages appears 

t o  be improved by small  amounts of s t r e t c h i n g .  The da ta  obtained 

i n  t h i s  i n v e s t i g a t i o n  r e l a t e d  t o  t e s t s  i n  t h e  s t r e t c h i n g  d i r e c t i o n ;  

however, t h e  l a c k  of d i r e c t i o n a l i t y  due t o  r o l l i n g  would suggest 

t h a t  t h e  s t r e t ched  a l l o y  is a l s o  non-direct ional .  Resul t s  obtained 

by one o the r  i n v e s t i g a t o r  a t  -320'F on b a r  s tock  i n d i c a t e  t h a t  

s t r e t c h i n g  may e m b r i t t l e  high i n t e r s t i t i a l  a a l l o y s .  This i s  

another  argument f o r  minimizing the i n t e r s t i t i a l  l e v e l .  

Tmgsten  i n e r t  gas fus ion  welds made without  f i l l e r  i n  e i t h e r  

low o r  normal i n t e r s t i t i a l  shee t  had e s s e n t i a l l y  t h e  same smooth 

and sharp  notch p rope r t i e s  a s  t h e  parent  shee t  a t  room temperature 

and -423OF. 
an a c i c u l a r  micros t ruc ture  i n  t h e  weld metal has  apparent ly  no 

adverse e f f e c t  on i ts  toughness. 

The extremely l a r g e  g ra in  s i z e  and t h e  presence of 
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APPENDIX: Procedures used i n  S t r e t ch ing ,  Rol l ing  and Welding 

The fo l lowing  descr ibes  the procedures used f o r  room tempera- 

t u r e  s t r e t c h i n g ,  r o l l i n g  and welding of annealed shee t .  

S t r e t ch ing  

S t r e t ch ing  was performed a t  room temperature on t h e  s p e c i a l  

pin-loaded s t r e t c h  blanks shown i n  Figure 9 having t h e i r  loading  

a x i s  e i t h e r  l ong i tud ina l  o r  t ransverse  t o  t h e  s h e e t  r o l l i n g  di-  

r e c t i o n .  

The long i tud ina l  s t r a i n  d i s t r i b u t i o n  i n  t h e  smooth s t r e t c h  

blanks was determined from measurements of width and th ickness  

over t h e  gage s e c t i o n  of t h e  blank before  and a f t e r  s t r e t c h i n g .  

The s t r a i n  d i s t r i b u t i o n  was not  completely uniform. However, 

it should be noted t h a t  t h e  average s t r a i n  over a c e n t r a l  one- 

inch gage l eng th  was wi th in  1 0  per cen t  of t h e  maximum s t r a i n  

value.* The notch s t r e t c h  blank was contoured s o  t h a t  t h e  

maximum s t r a i n  occurred a t  t h e  subsequent l o c a t i o n  of t h e  notch. 

Af t e r  s t r e t c h i n g ,  t h e  blanks were machined t o  t h e  contour 

of t h e  specimens previously shown i n  Figure 2.  

Rol l ing 

Rol l ing  was performed on ind iv idua l  specimen blanks a t  

room temperature i n  a 4-high laboratory m i l l  u s ing  8-inch wide, 

2 5/8 inch diameter carb ide  rolls withan 8 RMS su r face  f i n i s h .  

Ro l l ing  speed was approximately 50-75 f ee t  per minute, and t h e  

r o l l i n g  d i r e c t i o n  coincided with t h a t  of t h e  as-received shee t .  

Care was taken t o  in su re  uniform reduct ion of t h e  blank by 

l i b e r a l  app l i ca t ion  o f  l u b r i c a n t  before each pass ,  by not exceed- 

ing  3 per  cent  reduct ion  per pass ,  and by i n v e r t i n g  t h e  specimen 

blank between success ive  passes. This procedure produced f l a t  

s tock  without  camber. 

* 
The maximum s t r a i n  was forced t o  occur a t  t h e  t r ansve r se  c e n t e r l i n e  
by s l i g h t l y  t a p e r i n g  t h e  gage sec t ion  of t h e  smooth s t r e t c h i n g  blank. 
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Welding 

A l l  welding wa performed by t h e  G n r a l  Dynamics/Astronautics 

Corporation using production welding techniques.  Sheets were 

jo ined  by TIG fus ion  welds u t i l i z i n g  argon gas sh i e ld ing  and no 

f i l l e r .  Double pass welds ( s ing le  pass each s i d e )  were made on 

t h e  0.125 inch gage ma te r i a l ;  only a s i n g l e  pass was requi red  

f o r  t h e  0 .025  inch shee t .  Welds were made both p a r a l l e l  and 

perpendicular  t o  t h e  shee t  r o l l i n g  d i r e c t i o n .  Radiographs made 

of a l l  welds revealed no poros i ty  and photomicrographs showed 

over lap  of a l l  double pass weld beads. Specimen blanks were 

c u t  from t h e  welded s h e e t s  with the  load ing  a x i s  perpendicular 

t o  t h e  weld c e r t e r l i n e .  Weld beads were ground f l u s h  with t h e  

specimen sur face .  
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TABU 11. - MATEEIAL CONDITIONS AND VARIABIXS INVESTIGATED 

In ter -  
s t i t i a l  
l e v e l  

Material c ondi t i ona Sheet Test temperature, 
t hickne s s , OF 

in. 

As annealed (see 
t a b l e  I )  

Normal 

S t re tch  0 t o  1 6  percent 

S t re tch  0 t o  20 percent 

0.250 

0.015,O. 025,O. 063, R. T. ,-110,-320, -423 
0.125 

Cold roll 0 t o  10 per- 
cent 

Low I1 

Tungsten i n e r t  gas 
fusion weld 

0.010,O. 025 - 423 

Ann. 1500° F, 2 h r  
(argon), A. C. 

Low I 

NO-l 

0.025 

0.025,O. 125 

Low I1 IO. 010,O. 025,O. 060, I R. T., -110, -320, -423 I 

I Low I 1 0.025,0.063 - 423 

Low I1 IO.  010,O. 025,O. 063bl - 423 I 

R. T. -423 

R. T. -423 

Low 11 IO. 010,O. 025,O. 060 I - 423 I 
0. 250 I I 

a 

hill l i n e  annealed 1400° F, A. C. 

A l l  sheet i n i t i a l l y  i n  the  annealed condition shown i n  t a b l e  I, ex- 
cept as noted. 
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Figure 1. - Typical microstructure of 5 Al-2.5 Sn-Ti 
a l l o y  annealed at  15000 F. x500. Etch: 30 l a c t i c  
acid,  10 "03, 5 HF. 
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Influence of test temperature on smooth and 
sharp edge notch strength of 1cx hterstitial 
SA1-2.5Sn-Ti alloy sheet. 
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F I G .  5 C r :  Inf luence  of s t r e t c h i n g  on -423OF smooth and 
sharp notch s t r eng ths  of low i n t e r s t i t i a l  
5Al-2.5Sn-Ti shee t  a l l o y .  Tes t ing  d i r e c t i o n  
co inc ides  w i t h  s t r e t c h i n g  d i r e c t i o n .  
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p-,~. 8: Nominal f r a c t u r e  tou:$r.-.clss as  a func t ion  of s h e e t  

t h i ckness  f o r  5Al-2.5Sn-Ti low i n t e r s t i t i a l  s h e e t  
3 

n a i r  cooled and furnace coo led  f r o m  annealing 

temperature.  
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